Cx36 is the predominant connexin isoform expressed by pancreatic ␤-cells. However, little is known about the role of this protein in the functioning of insulin-secreting cells. To address this question, we searched for a cell line expressing Cx36 and having glucose-induced insulin secretion comparable to that of primary ␤-cells. T he well coordinated functioning of cells within tissues is ensured by multiple mechanisms, including the direct exchange of ions, second messengers, and other metabolites through connexin channels, clustered at gap junctions (1,2). These channels connect almost all types of vertebrate cells, including those of pancreatic islets (3). Previous studies suggest that connexin-mediated communication between ␤-cells is required for the control of insulin secretion. Thus, glucose stimulation of single ␤-cells is reduced compared with that of cell clusters (4), pharmacological blockade of gap junction channels markedly decreases insulin release (5), and transgenic mice whose ␤-cells express Cx32 show altered insulin secretion in response to glucose (6). While these findings provide evidence that connexin-dependent communication contributes to the control of insulin release, they do not specifically address the function of native connexins expressed by pancreatic islet cells.
T
he well coordinated functioning of cells within tissues is ensured by multiple mechanisms, including the direct exchange of ions, second messengers, and other metabolites through connexin channels, clustered at gap junctions (1, 2) . These channels connect almost all types of vertebrate cells, including those of pancreatic islets (3) . Previous studies suggest that connexin-mediated communication between ␤-cells is required for the control of insulin secretion. Thus, glucose stimulation of single ␤-cells is reduced compared with that of cell clusters (4), pharmacological blockade of gap junction channels markedly decreases insulin release (5) , and transgenic mice whose ␤-cells express Cx32 show altered insulin secretion in response to glucose (6) . While these findings provide evidence that connexin-dependent communication contributes to the control of insulin release, they do not specifically address the function of native connexins expressed by pancreatic islet cells.
We recently found that Cx36 is the predominant isoform expressed by ␤-cells (7) . As yet, however, the specific role of this somewhat unusual connexin isoform (8, 9) and, in particular, its possible contribution to insulin secretion have not been investigated. Moreover, no data are available to show how connexin-mediated signaling may influence ␤-cell function even though gap junctions have been implicated in the synchronization of [Ca 2ϩ ] i oscillations in ␤-cells (10 -13) .
To address these questions, we screened MIN6 cells, which, unlike some other cell lines, retain glucose-induced insulin secretion and express Cx36 like primary ␤-cells (14 -19) . We decreased Cx36 expression via the stable transfection of an antisense construct. Here, we show that the loss of Cx36 resulted in impaired electrical coupling, desynchronization of [Ca 2ϩ ] i oscillations, and altered insulin release of MIN6 cells. These results support the hypothesis that Cx36 plays a critical role in glucoseinduced insulin secretion.
RESEARCH DESIGN AND METHODS
Cell lines and tissues. RIN2A (14) , INS1 (15) , and HIT cells (16) were cultured in RPMI-1640 medium, whereas ␤TC3 (17) and MIN6 cells (18) were cultured in Dulbecco's modified Eagle's medium as indicated in the original reports. Control tissues were obtained from OFA rats (olfactory bulb) or C57BL/6 mice (liver and heart), which were frozen in liquid nitrogen and stored at Ϫ80°C until use. RNA analysis. Samples of total RNA were extracted, reverse-transcribed, and amplified as previously described (7) . To detect native Cx36, we amplified either a 980-bp or a 559-bp fragment, using the oligonucleotide pairs 5Ј-CACAGCGATGGGGGAATGGA-3Ј/5Ј-TGCCCTTTCACACATAGGCA-3Ј and 5Ј-GAGCCCAGGCCAAGAGGAAGTC-3Ј/5Ј-GGCATGCTGAAGGGGGAGAAAT-3Ј as sense and antisense primers, respectively. For cyclophilin, we amplified a 387-bp fragment, using the oligonucleotides 5Ј-GGTCAACCCCACCGTGTTCT-3Ј/5Ј-GCCATCCAGCCACTCAGTCT-3Ј. For the Cx36 antisense construct, we amplified a 554-bp fragment, using the oligonucleotides 5Ј-GTCTCCTTACT GGTGGTCTCTGTG-3Ј/5Ј-TAGAAGGCACAGTCGAGG-3Ј. Northern blotting analysis was performed as previously described (7) . Western blot and immunofluorescence. Cell and tissue extracts were prepared as reported (20) . Protein content was measured using a detergent compatible protein assay kit (Bio-Rad Laboratories). Samples of membrane preparations were equally loaded (10 g) in each lane and fractionated by electrophoresis in a 12% polyacrylamide gel. Equal loading was further verified by densitometric analysis after Coomassie-blue staining of the gels, which showed comparable amounts of total proteins in each lane (␤TC3 19 Ϯ 2.3, MIN6 17 Ϯ 2, INS1 18 Ϯ 1, RIN2A 24 Ϯ 0.6, and HIT 23 Ϯ 1.9 [arbitrary units Ϯ SD]; n ϭ 3). Electrophoresed samples were transferred onto polyvinylidine flouride membranes (Immobilon-P; Millipore) using a constant current of 400 mA for 2 h, and in the presence of 0.01% SDS and 20% methanol. Membranes were saturated as described (20) and then incubated over night at 4°C with an affinity-purified antiserum against either Cx36 (7), diluted 1:800, or smooth muscle ␣-actin (21), diluted 1:1,000. After a 60-min incubation at room temperature with goat anti-rabbit Ig s , conjugated to horseradish peroxidase (Bio-Rad Laboratories), diluted 1:3,000, membranes were developed by enhanced chemiluminescence according to the manufacturer's instructions (Amersham Pharmacia Biotech). Densitometric analysis of the gels and films was performed with the Image Quant software (Molecular Dynamics).
For immunofluorescence, cells were incubated for 2 h at room temperature in the presence of either a polyclonal rabbit antiserum against residues 289 -303 of rat Cx36 (7), diluted 1:200, or residues 154 -168 of mouse Cx36 (22), diluted 1:1,000. After exposure to fluorescein-conjugated antibodies against rabbit Ig s , diluted 1:500, cells were counterstained with Evans blue, coverslipped, and photographed using a fluorescence microscope (Axiophot; Carl Zeiss). Insulin secretion and content. Cells were plated at the density of 5 ϫ 10 4 /cm 2 within 6-or 12-well plates and tested 3 days later. After a preincubation for 30 min at 37°C in a Krebs-Ringer bicarbonate buffer containing no glucose, cells were incubated for 30 min in the same medium supplemented with the indicated concentration of glucose, with or without other secretagogues. The medium was collected, centrifuged 10 min at 3,000g, and the supernatant was frozen at Ϫ20°C for insulin assay. Cultures were then extracted for 24 h at 4°C in acid-ethanol and the extracts also frozen for determination of insulin and protein content. Insulin was measured by a radioimmunoassay (5, 6) . Protein content was measured by the DC assay kit (Bio-Rad Laboratories). Values of secreted insulin were normalized to basal release (in the presence of 2.8 mmol/l glucose) or protein content. Insulin extracts were expressed as percentage of protein content.
To measure glucose transport, cells were incubated for 30 min at 37°C in a Krebs-Ringer bicarbonate buffer containing 700 mol/l 6-N-(7-nitrobenzen-2-oxa-1,3-diazol-4-yl)amino-6-deoxiglucose (6-NBDG) (Molecular Probes) (23) and observed by fluorescence microscopy. Transfection of Cx36 antisense construct. The sequence coding for rat Cx36 (Ϫ3/ϩ973 bases) was inserted in an antisense orientation within plasmid pcDNA 3.1(ϩ), which contains the cytomegalovirus early promoter region and a neomycin-resistance sequence. Subconfluent cultures of MIN6 cells were exposed for 24 h to 10 g/ml Lipofectin reagent (Gibco BRL) mixed with 10 g/ml of either the plasmid or the void pcDNA3.1(ϩ current-voltage relations. Seal resistances ranged from 1 to 5 G⍀. Gap junctional conductance (Gc) was calculated as previously reported (25) (26) (27) .
To evaluate dye coupling, individual cells were microinjected as described (20) with a glass microelectrode filled with either 4% (wt/vol) Lucifer Yellow CH (448 Da, net charge Ϫ2; Sigma), 1% propidium iodide (414 Da, net charge ϩ2; Sigma), or a mixture of 5% neurobiotin (N-[2-aminoethyl] biotinamide hydrochloride) (287 Da, net charge ϩ1; Vector Laboratories) and 0.4% rhodamine 3-isothiocyanate dextran 10S (Sigma). After injection of neurobiotin, cells were fixed in 4% paraformaldehyde in phosphate buffer (0.1 mol/l, pH 7.4) for 20 min, exposed to 0.25% Triton X-100 in PBS for 30 min, and incubated with fluorescein-conjugated streptavidin (Jackson ImmunoResearch Laboratories), diluted 1:400 for 60 min. Mn 2ϩ (55 Da, net charge ϩ1) diffusion measurements was assessed as reported (28) . Results were expressed as mean Ϯ SE of the number of cells communicating with the microinjected cell.
[Ca 2؉ ] i measurements. Clusters of MIN6 cells were loaded with 5 mol/l Fluo-3/AM and 2 mol/l pluronic acid (Molecular Probes, Eugene, OR) and incubated at 37°C for 30 min, in an O 2 /CO 2 incubator. Cells were then incubated for 15-20 min in a recording solution which contained 11.1 mmol/l glucose with or without 15 mmol/l TEA. The concentration of cytoplasmicfree Ca 2ϩ ([Ca 2ϩ ] i ) was assessed with a laser scanning confocal microscope system (Olympus FluoView, Tokyo, Japan) using an excitation wavelength of 488 nm and an emission wavelength of 526 nm. Fluorescence due to Fluo-3 excitation was simultaneously measured in 3-5 cells per cluster at 32-35°C. To estimate synchrony among neighboring cells, data were expressed in units of relative fluorescence and plotted as a function of time. Synchrony was defined as the percent of cells within a given cluster displaying simultaneous [Ca 2ϩ ] i transients. Data analysis. Data were expressed as mean Ϯ SE. Differences between means were assessed by Student's t test and considered significant when P Ͻ 0.05.
RESULTS
Different insulin-producing cell lines express distinct levels of Cx36. RT-PCR amplification of total RNA failed to detect the transcripts for Cx43 and Cx45 in RIN2A, INS1, HIT, ␤TC3, or MIN6 lines under conditions that easily amplified these RNAs in control heart tissue (Fig.  1A) . In contrast, Cx36 transcript was found in all the lines investigated, as well as in olfactory bulb, which was used as a positive control (Fig. 1B) . Further RT-PCR screening of MIN6 cells failed to detect Cx26, Cx32, or Cx30 transcripts (not shown). Using Northern blot, a 2.9-Kb transcript was detected in the five cell lines and in the olfactory bulb, but not in the heart, which were used as positive and negative controls, respectively (Fig. 1C) . Relative to ribosomal RNA, the levels of Cx36 transcript varied, being most abundant in ␤TC3 and MIN6 cells, but barely detectable in RIN2A and HIT cells (Fig. 1C) .
Immunoblots of cell extracts carried out with a polyclonal antiserum against Cx36 revealed bands of ϳ36 KDa in all the lines tested and the olfactory bulb, but not in the heart (Fig. 2A) . Levels of Cx36 were measured by densitometry and evaluated relative to those of ␣-actin in five independent experiments to control for the small unavoidable variations in immunolabelled signals between different experiments. The highest level of Cx36 expression was seen in MIN6 cells (Fig. 2A) .
Immunofluorescence labeling of cultures with antibodies against two different epitopes of Cx36 revealed the protein at sites of membrane contact between MIN6 cells and, to a lesser extent, between ␤TC3 cells (Fig. 2B) . Staining was barely detectable between INS1 cells (Fig. 2B ) and was absent in cultures of RIN2A and HIT cells (not shown). MIN6 cells retain responsiveness to glucose. Cells were incubated for 30 min in the presence of a basal (2.8 mmol/l) and a maximal stimulatory concentration of glucose (22.4 mmol/l). We found that MIN6 cells showed a 4.5-fold increase in insulin secretion in 22.4 mmol/l glucose (Fig.  3) . Under the same conditions, the RIN2A, INS1, ␤TC3, and HIT clones we used failed to respond to glucose (Fig.  3) . MIN6 cell membranes lack Cx36 after transfection of an antisense construct. MIN6 cells were stably transfected with a Cx36 cDNA in the antisense orientation, selected for acquired neomycin resistance, and four independent lines (A-D) were cloned. Using RT-PCR amplification, we found that the endogenous Cx36 transcript was expressed in both wild-type and transfected cells (Fig. 4A) . In contrast, the Cx36 antisense construct was only detected in the four antisense-transfected clones (Fig. 4B) .
By Western blot, comparable levels of immunolabelled Cx36 were detected in wild-type and neomycin-resistant cells (Fig. 5A) . In contrast, Cx36 expression was decreased by Ͼ85% (relative to ␣-actin levels) in the four antisense-transfected clones (Fig. 5A) .
Immunofluorescence labeling confirmed this marked decrease (Fig. 5B) . Thus, whereas Cx36 was abundantly distributed at cell interfaces of wild-type and neomycinresistant MIN6 cells, it was undetectable in the four antisense-transfected clones (Fig. 5B) . (Fig. 6) . Using current-clamp to record electrical activity, the membrane potential and electrical pattern of wild-type and antisense-transfected cells were found to be similar. Upon voltage clamping the cells to Ϫ65 mV, spontaneous inward junctional currents were seen in the wild-type MIN6 cells (Fig. 6) . These currents, which were not seen in single MIN6 cells (not shown), due to cell-cell coupling, were infrequent and small in the Cx36-antisense clones (Fig. 6 ). Once the voltage clamp was released, cells returned to their typical firing pattern (Fig. 6 ), confirming that electrical activity was not altered by the voltage-clamp protocol. By measuring the amplitude of the junctional current spikes, we determined that junctional conductance was significantly smaller (P Ͻ 0.05) in antisense clones A and B (0.15 Ϯ 0.04, NS, n ϭ 16) than in wild-type MIN6 cells (0.71 Ϯ 0.16, NS, n ϭ 12). After microinjection of a tracer, only one wildtype MIN6 cell was seen to communicate with the injected cell, irrespective of the type of the tracer used (Lucifer Yellow 1 Ϯ 0.3, n ϭ 35; propidium iodide 1 Ϯ 0.3, n ϭ 20; neurobiotin 0 Ϯ 0.1, n ϭ 16; and Mn 2ϩ 1 Ϯ 0.3, n ϭ 24). To monitor [Ca 2ϩ ] i oscillations, clusters of MIN6 cells were loaded with Fluo-3 and fluorescence changes were recorded (Fig. 7A) (Fig. 7B) . Quantitative analysis showed that, in the latter clones, fractional synchrony (0.63 Ϯ 0.07, clones A and B pooled, n ϭ 24) was reduced (P Ͻ 0.05) compared with the control value (0.95 Ϯ 0.25, n ϭ 17). Control [Ca 2ϩ ] i spikes were drastically reduced by the addition of either 200 mol/l diazoxide or 10 mol/l nifedipine (not shown), indicating that they were mostly accounted for by Ca 2ϩ influx through voltage-gated channels. MIN6 cells lacking Cx36 show impaired insulin secretion. Wild-type MIN6 cells showed a progressive increase in insulin secretion as a function of glucose concentration (Fig. 8A) . Thus, their insulin output was 183 Ϯ 18 and 612 Ϯ 78 ng insulin/mg protein in the presence of 2.8 and 22.4 mmol/l glucose, respectively (n ϭ 21 dishes from seven independent experiments). When these cells were exposed to 100 mol/l 3-isobutyl-1-methylxanthine (IBMX) plus 1 mol/l forskolin (FSK) or 20 mmol/l KCl in the presence of 2.8 mmol/l glucose, their insulin secretion was further stimulated up to 946 Ϯ 93 ng insulin/mg protein (n ϭ 27) and 1,344 Ϯ 69 ng insulin/mg protein (n ϭ 9), respectively (Fig. 8A) . Wild-type cells displayed maximal stimulation in the presence of 11 mmol/l glucose plus 15 mmol/l TEA (1,633 Ϯ 142 ng insulin/mg protein, n ϭ 10 dishes from four independent experiments). Neomycintransfected cells showed a comparable secretion response (Fig. 8A) . In contrast, all of the four antisense-transfected clones failed to significantly increase insulin secretion when exposed to a stimulatory concentration of glucose (Fig. 8A) . In the presence of IBMX and FSK, these clones increased their insulin release, but this response (266 Ϯ 27 and 358 Ϯ 31 ng insulin/mg protein, for clones B and D, respectively; n ϭ 18 dishes from six independent experiments) was significantly (P Ͻ 0.001) lower than that of control MIN6 cells (Fig. 8A ). When exposed to either KCl or 11.2 mmol/l glucose plus 15 mmol/l TEA, the antisense clones were further stimulated to release insulin. Still, this increase was significantly (P Ͻ 0.05) lower than in control cells (KCl 444 Ϯ 61, 465 Ϯ 71, 629 Ϯ 72, and 895 Ϯ 66 ng insulin/mg protein, for clones A, B, C, and D, respectively, n ϭ 9; TEA 507 Ϯ 119, 414 Ϯ 49, 934 Ϯ 158, and 559 Ϯ 73 ng insulin/mg protein, n ϭ 10).
After acid ethanol extraction, we found that the insulin content of the antisense-transfected clones (0.6 Ϯ 0.1, 1.3 Ϯ 0.1, 0.8 Ϯ 0.1, and 1.2 Ϯ 0.1% of protein content in clones A, B, C, and D, respectively; n ϭ 45 from three independent experiments) was in the range of that measured in wild-type (1.2 Ϯ 0.1% of protein content; n ϭ 90 dishes from six independent experiments) and neomycinresistant MIN6 cells (0.7 Ϯ 0.1% of protein content; n ϭ 90 dishes from six independent experiments) (Fig. 8B) .
Loss of glucose-induced insulin secretion in the antisense-transfected clones did not correlate with a loss of glucokinase, which was detected by immunostaining in all clones (not shown). In contrast, we found that the incorporation of the nonhydrolyzable glucose analog 6-NBDG was extensive in wild-type and neomycin-resistant cells, but was variably reduced in the antisense-transfected clones (two independent experiments). Thus, no incorporation of 6-NBDG was found in clones A and C, and little labeling by the analog was observed in clones B and D (data not shown).
DISCUSSION
The high degree of homology and the restricted distribution of Cx36, which are conserved among different animal species (7) (8) (9) 29) , suggest that this protein may play an essential role in the function of pancreatic ␤-cells. To test this idea, we first investigated its pattern of expression in different lines of insulin-producing cells. We found that all the lines we studied expressed Cx36 and that the protein was detectable at the cell membranes of only those cell lines (␤TC3, MIN6, and INS1) that have been reported to retain some ability to increase insulin release when challenged by high glucose concentrations (30, 31) . At the cell passages we used only MIN6 cells that expressed the largest amounts of Cx36 responded to sugar stimulation, suggesting that the level of Cx36 at cell-to-cell contacts is somehow related to glucose-induced insulin secretion. This relationship is certainly not linear and/or the same for all types of cells, since the clone of ␤TC3 cells we used, which expressed slightly less Cx36 than MIN6 cells, failed to increase insulin release in response to glucose. These data are in full agreement with the multifactorial regulation of the glucose-induced insulin secretion pathway, in which the connexin-dependent signaling is but one relevant factor (6, (31) (32) (33) . Our data indicate that Cx36 should be added to the list of proteins that differentiate glucosesensitive from glucose-insensitive cells, since loss of this This observation prompted us to study whether Cx36 is causally implicated in the functioning of insulin-secreting cells. Unfortunately, the acute inhibition of junctional communication with pharmacological agents cannot yet be achieved in a specific manner (5, 11, 19, 34, 35) . However, taking into account that Cx36 is expressed in limited amounts (7) and that connexins have a rather short half life (36), we considered whether it was feasible to decrease connexin expression using an antisense strategy (37, 38) . By transfection of an antisense Cx36 construct, we found that the reduced expression of the protein markedly inhibited the electrical coupling of MIN6 cells that, under control conditions, have a junctional conductance similar to that reported in mouse islets (27, 39) . We did not evaluate the eventual parallel decrease in the permeability of junctional channels of the antisense-transfected clones, since the native Cx36 channels permit only a limited diffusion of a variety of gap junction permeant tracers (40) between wild-type MIN6 cells. This finding is in agreement with the low conductance and open probability reported for Cx36 channels (22, 41) .
Previous studies have suggested that junctional coupling may provide the basis for coordinating the glucoseinduced oscillatory increase of [Ca 2ϩ ] i in ␤-cells (10 -13) . As yet, however, the lack of specific inhibitors (11, 19) has not permitted to experimentally test this hypothesis. Our data clearly show that a marked decrease in the Cx36 level was associated with profound alterations in the synchronization of [Ca 2ϩ ] i oscillations in MIN6 cells. Since both wild-type and antisense-transfected cells retained the ability to increase [Ca 2ϩ ] i in response to secretagogues, these data provide the first direct evidence for an essential role of gap junction-mediated coupling in controlling cell-tocell synchronization of [Ca 2ϩ ] i changes. The electrical studies show that this synchronization was due to ion current flow through gap junctions from the cytoplasm of one MIN6 cell to that of its coupled neighbor. It remains to be assessed whether the same mechanism applies to other types of insulin-producing cell lines (e.g., RIN2A and HIT), which we did not investigate with regard to [Ca 2ϩ ] i oscillations. Furthermore, the presence of a Cx36-dependent synchronization of Ca 2ϩ oscillations between MIN6 cells does not exclude the possibility that, under certain conditions, extracellular messengers may also participate to this control (19, 34, 42) .
In view of the evidence implicating that gap junction channels play a role in the regulation of ␤-cell secretion (3,6,43), we monitored insulin secretion of the antisensetransfected MIN6 cells. The data show that, compared with controls, cells lacking Cx36 failed to respond to an elevation of glucose and had much reduced responses to nonmetabolizable secretagogues known to either increase [cAMP] i or depolarize the cells. These major secretory alterations could not be attributed to the transfection procedure itself, inasmuch as the secretory ability of neomycin-resistant and wild-type cells was comparable. Furthermore, the glucose unresponsiveness could not be accounted for by a loss of glucokinase, which was expressed in all antisense-transfected clones, nor by an impairment in insulin biosynthesis or storage, since the hormone content of these clones was similar to that of control cells. We found that the ability to incorporate glucose was markedly reduced in some but not all of the antisense-transfected clones, possibly in keeping with the well-documented loss of the GLUT2 transporter, which is a usual event after multiple cell passage (44 -46) . However, in view of both the highly efficient sugar transport permitted by GLUT2 (47) and the persistence of glucoseinduced [Ca 2ϩ ] i increase in clones (e.g., clone A) that failed to incorporate a detectable amount of a glucose analog, it is unlikely that a partial decrease in glucose uptake could account for the almost complete loss of glucose-induced insulin release. Rather, since reduced glucose-induced secretion was also observed in clones B and D, which more easily incorporated glucose, the data imply that Cx36 contributes to control glucose-induced insulin secretion by acting at a step independent of glucose uptake. Additional experiments are required to elucidate the mechanism involved in reducing secretion. Most likely, this mechanism does not specifically affect the glucose-dependent pathway, inasmuch as clones lacking Cx36 also showed a reduced response to secretagogues that activate stimulus-secretion coupling pathways independently of glucose metabolism (48) . The data are compatible with a Cx36-dependent regulation affecting proximal as well as distal steps of the secretory pathway.
In summary, we have shown that the loss of Cx36 affects the electrical coupling, synchronization of [Ca 2ϩ ] i oscillations, and insulin secretion evoked by a variety of secretagogues that activate different intracellular pathways. The data provide evidence that Cx36 contributes to regulate some still-unknown steps of the stimulus-secretion coupling mechanism of MIN6 cells. In view of the numerous characteristics that MIN6 cells share with primary ␤-cells, the data also provide the first insight that Cx36 is likely to be important for the physiological secretion of primary islet cells in vivo. 
